We describe a novel papillomavirus -Rusa alfredi papillomavirus 1 (RalPV1) -which causes endemic fibropapillomatosis in the European conservation breeding population of the highly endangered Visayan spotted deer (Rusa alfredi). Degenerated papillomavirus-specific primers were used to amplify and sequence parts of the viral DNA. Subsequently, the complete genomic DNA was cloned and the sequence was determined. The RalPV1 genome has a length of 8029 bp, encodes the early proteins E6, E7, E1, E2 and E5, the two late proteins L1 and L2 and contains an upstream regulatory region. Highest sequence identities were observed with two deltapapillomaviruses, the Capreolus capreolus PV1 and Cervus elaphus PV1. Pairwise comparisons and phylogenetic analysis based on the ORF L1 suggested that RalPV1 is a putative new type of the papillomavirus species Deltapapillomavirus 5.
The family Papillomaviridae is a large group of nonenveloped dsDNA viruses with a circular genome of up to 8600 bp. Depending on the genus, a variable number of ORFs can be observed; however, there is a typical architecture of the papillomavirus (PV) genome dividing it into regions containing the ORFs for the early and the late transcribed proteins and the (non-coding) upstream regulatory region (URR). The number of human PV types is still higher than that of PVs described of animal origin, but the latter is increasing continuously. The most mammalian PVs were characterized in samples from species of the taxa Carnivora and Ruminantia, which mainly induce fibropapillomas but also malignant carcinomas (Bernard et al., 2010; Rector & Van Ranst, 2013) .
With exception of the Rangifer tarandus PV2 (reindeer, Smits et al., 2013) all characterized PVs of cervids belong to the genus Deltapapillomavirus (Delta-PV) including Alces alces PV1 (Eurasian elk, Ahola et al., 1986) , Bos grunniens PV1 (yak, Zhu et al., 2013) , Bos taurus PV1 (cattle, Chen et al., 1982) , Bos taurus PV2 (cattle, D. E. Groff & W. D. Lancaster, unpublished) , Bos taurus PV13 (cattle, Lunardi et al., 2013) , Camelus dromedarius PV1&2 (dromedary, Ure et al., 2011) , Capreolus capreolus PV1 (CcaPV1, roe deer, Erdélyi et al., 2008) , Cervus elaphus PV1 (CePV1, red deer, Scagliarini et al., 2013) , Ovis aries PV1&2 (sheep, J. Karlis and others, unpublished), Odocoileus virginianus PV1 (white-tailed deer, Groff & Lancaster, 1985) and Rangifer tarandus PV1 (reindeer, Eriksson et al., 1994; Terai et al., 2002) . Interestingly, some of these viruses can be found with high prevalence in susceptible animal husbandry as well as in wildlife and can cause endemic disease in the host population (Erdélyi et al., 2009; Ure et al., 2011) .
The Visayan spotted deer (Rusa alfredi) was previously endemic to the different West Visayan islands of the central Philippines, but to date there are only minor populations left on Negros and Panay (Grubb & Groves, 1983; Oliver et al., 2008) . Because of extensive logging, agriculture and hunting, this species was extirpated from about 95 % of its former natural habitat (Oliver & Wirth, 1997) . It is supposed that the population size is less than 2500 mature individuals. Therefore, the International Union for Conservation of Nature red list of threatened species ranks Rusa alfredi as an 'endangered' species (Oliver et al., 2008) .
To conserve the Visayan spotted deer, actions like the declaration of national parks and a breeding programme were initiated. The 'International Visayan Spotted Deer (Negros) Studbook' includes two breeding facilities on the Philippines and 26 institutions in Europe, keeping 137 animals (31 December 2013). A first group of seven animals from the Philippines arrived in Mulhouse Zoo, France in 1990, and a second group of eight animals was imported in 2001 via Poland. Today, almost only the offspring of these 15 animals are kept in European zoos.
Recently, in the European population of Rusa alfredi, consisting of more than a hundred animals, an increasing number of cases of papilloma-like proliferative epithelial neoplasms were noticed. In a 2013 survey, 10 of 16 responding zoos reported 20 animals with papillomatosis. These alterations could be found on nearly all parts of the body: head (including lips and lower jaws), neck, chest, legs, abdomen and the anogenital area (Fig. 1a, b) . Depending on the localization and the severity of the lesion, this is not only an aesthetic problem for zoos, but some of the affected animals had problems with food intake or could not be used for breeding purposes or transfers within the coordinated breeding programme.
To find the aetiological agent of this disease, we investigated samples from animals of different origin. Here, we report the identification of a novel PV associated with the development of fibropapilloma in the Visayan spotted deer. The virus was consequently named Rusa alfredi papillomavirus 1 (RalPV1) and was characterized by full genome analysis as a new type of the PV species Deltapapillomavirus 5 (Delta-PV5).
Primary investigations were performed on samples from three affected animals from Chester Zoo, UK. For virological investigations, the specimens were immediately deep frozen (220 8C) after collection. For histology, the tissue was fixed in formalin.
Gross and histological appearance of the nodules comprised the typical features of fibropapillomas (Fig. 1c, d ): macroscopically, single or few hypotrichotic firm nodules were protruding from the surface of the skin. Histological examination revealed expansile and unencapsulated nodules with a mildly hyperkeratotic and hyperplastic epidermis with downgrowth of rete ridges and a predominating dermal proliferation. The proliferating cells were large, plump spindle-shaped cells haphazardly arranged in interlacing bundles with a low mitotic index.
The same samples were tested with six pairs of degenerated PV-specific oligonucleotide primers targeting the E1 and L1 ORFs, respectively (Forslund et al., 1999; Rector et al., 2005) (Table S1 , available in the online Supplementary Material). In all samples, primer pairs 2 (E1) and 6 (L1) amplified products of about 550 bp and 500 bp, respectively. Additionally, primer sets 1 (E1, 800 bp) and 4 (L1, 600 bp) resulted in specific PCR products in one sample. This sample was also used for whole genome sequencing. All amplified PCR products were sequenced using the PCR primers. NCBI BLAST search identified the sequences as parts of the E1 or L1 ORF of a putatively novel papillomavirus, showing the highest identity with two Delta-PVs, CcaPV1 (GenBank EF680235) and CePV1 (JQ744282). Based on the obtained sequences, oligonucleotide sequences were designed to amplify overlapping PCR fragments comprising the whole PV genome. The resulting PCR products (E1L1 and L1E1) had sizes of approximately 4000 bp, were cloned with a TOPO TA cloning kit and were sequenced using the primer walking method. DNA-STAR Lasergene and Mega6 software served to assemble and analyse the obtained sequences.
The full-length genome of the Rusa alfredi papillomavirus 1 (RalPV1) was 8029 bp long, had a GC content of 48.0 % and was submitted to NCBI GenBank database under the accession number KT626573. The PV-typical arrangement of the RalPV1 genome with the URR, the ORFs of the early proteins E6, E7, E1, E2, E5 and E9 and the late proteins L2 and L1 is shown in Fig. S1 . Based on the complete ORF L1 sequence of RalPV1 and other ruminant papillomaviruses, and using the neighbour joining method, phylogenetic analysis was performed (Fig. 2) , classifying RalPV1 as a Deltapapillomavirus with closest relation to CcaPV1 and CePV1. Phylogenetic analysis based on the ORF E1 sequence clustered RalPV1 in the same way (data not shown). The nucleotide identity of ORF L1 between RalPV1 and the Delta-PV5 representatives was 77 % and 78 %, respectively. In accordance with the current rules for the classification and nomenclature of PVs (Bernard et al., 2010; de Villiers et al., 2004 de Villiers et al., , 2013 , we propose to designate RalPV1 as novel type of the species Deltapapillomavirus 5. A detailed comparison of the main features and predicted motifs of the RalPV1, CcaPV1 and CePV1 genomes and proteomes revealed several similarities and differences (Table 1 ).
The URR of CcaPV1 and CePV1 have a high sequence identity (95 %), whereas RalPV1 has less than 60 % nucleotide identity with the other Delta-PV5 representatives. However, the mapping of essential and putative transcription factor binding sites and regulatory elements demonstrates a very similar pattern of these motifs (Table 1 and Fig. S2 ). Eight E2 binding sites (BS) are present in the URR of all three viruses. In the central part of the URR, these might play a role as enhancer elements. In the 39 part, two E2 BSs flank a conserved Tata-box and the E1 BS, which are important elements for the E6 promoter and the origin of replication, respectively (for a review, see Bernard, 2013) . The URR E1-BS motif of CePV1 (ATGATTGTTGT-TAACAAT) is identical with most other Delta-PV, but CcaPV1 and RalPV1 differ in one position, respectively. The termination site for the transcription of the late genes (polyadenylation site, pA) is a conserved motif in the 59 part of the PV URR and is present in all three Delta-PV5 sequences. An additional pA site (AATAAA) exists in the central URR segment of CcaPV1 and CePV1. Because of its position and its absence in RalPV1, it is rather unlikely to be functional. AP1 is an important transcription factor, and for several human papillomaviruses its importance for the expression for the transforming proteins E6 and E7 in epithelial cells has been demonstrated (Kyo et al., 1997; Thierry et al., 1992) . The optimal AP1-BS is the sequence TGAnTCA, but modifications of this motif are also functional. Therefore, experimental confirmation of predicted AP1-BS would be needed to demonstrate their relevance (for a review see Bernard, 2013 ). However, conservation of similar motifs in different Delta-PVs supports their functional importance. There are two putative AP1-BS which are present in the URR of all three virus genomes (RalPV1 URR: nn118-124 TGAgTTA; nn296-302 TGTtTCA), which might indicate a role as regulatory elements. Furthermore, in all three viruses, a typical AP1-BS is present at a similar position in ORF E7, and in ORF E1, two conserved AP1-BSs have the classical sequence in at least one of the PVs. More putative AP1 dependent regulatory elements with minor modifications of the classical motif and conserved positions in RalPV1, CcaPV1 and CePV1 genome are present in the ORFs E1, E2, E4, L2 and L1.
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